Introduction {#S0001}
============

Pancreatic cancer is one of the biggest causes of death-leading cancers worldwide. The 5-year survival rate of pancreatic cancer patients is less than 5% and most of the patients are diagnosed at a very advanced stage owing to its asymptomatic characteristic.[@CIT0001] According to the worldwide statistic in 2012, it is estimated 338,000 new cases are diagnosed every year and the annual mortality rate is close to the incidence rate with 331,000 death cases reported.[@CIT0002] To date, the best potential treatment for non-metastasized patients is pancreatectomy, yet only 15--20% of patients are suitable for surgical resection and more than 65% of patients undergoing surgery show disease recurrence.[@CIT0003] As for advanced patients, the chemotherapy gemcitabine, a type of nucleoside analog is commonly used, however this therapy merely prolongs patients' survival for 0.9 to 4.2 months. Most of the patients rapidly acquire resistance towards gemcitabine, resulting in the poor response and prognosis of patients to gemcitabine.[@CIT0004] Therefore, identifying the tumor promoting driver is urgently needed in order to facilitate the development of effective therapies towards pancreatic cancer.

Glucose is the primary energy source for tumor growth and progression, therefore increased demand for glucose and altered glucose metabolism are common scenarios in tumor cells. The up-regulation of GLUT-1 has been well reported in supporting the increased glucose uptake by tumor cells.[@CIT0005] However, there is another class of glucose transporter, which is easily negligible, namely sodium-dependent glucose transporter (SGLT) that belongs to the SLC5A gene family. Regardless of the extracellular glucose content, SGLTs carry glucose into cells against the sodium ion concentration gradient.[@CIT0006] There are in total six isoforms of SGLTs in SLC5A gene family, ranging from SGLT1 to SGLT6. However, among all these six SGLTs, only SGLT1 and SGLT2 functions as glucose transporter across cell membrane. SGLT1 and SGLT2 are encoded by SLC5A1 and SLC5A2 respectively. In particular, aberrant expression of SLC5A1 was recently observed in different types of human cancers including colorectal cancer,[@CIT0007],[@CIT0008] hepatocellular carcinoma,[@CIT0009] prostate cancer,[@CIT0010] cervical cancer,[@CIT0011] ovarian cancer[@CIT0012] as well as oral squamous cell carcinoma.[@CIT0013] Recent study has postulated the importance of SLC5A genes in mediating pancreatic cancer survival.[@CIT0014],[@CIT0015] However, how SLC5A1 mediates pancreatic cancer cell survival is still not well understood.

In this study, we aimed to investigate the role of SLC5A1 in mediating the in vitro and in vivo survival of pancreatic cancer. The expressions of SLC5A1 in human pancreatic cancer tissue and normal pancreas tissues were extracted from three (Gene Expression Omnibus) GEO datasets and compared. We also investigated the expressions of SLC5A1 in a panel of pancreatic cancer cell lines. SLC5A1 was further knocked down in pancreatic cancer cells and the cellular survival was determined in in vitro and in vivo models. The downstream signaling of SLC5A1 was validated by quantitative poly-chain reaction (qPCR) and western blotting analysis. Our further mechanistic observation showed that the association of SLC5A1 with EGFR mediated pancreatic cancer cell growth via AMPK/mTOR signaling.

Materials and methods {#S0002}
=====================

Cell culture {#S0002-S2001}
------------

The human pancreatic cancer cell lines Mia PaCa-2, BxPC-3, Panc-1, human pancreatic cells UACC-462 and hTERT-HPNE were purchased from ATCC (Manassas, VA, USA) and cultured based on the ATCC established guidelines. Human KP3 was obtained from JCRB cell bank (Tokyo, Japan) while murine pancreatic adenocarcinoma cell line Panc-2 was obtained from Frederick National Laboratory for Cancer Research (Frederick, MD, USA). All pancreatic cancer cells were either cultured in DMEM or RPMI1640 medium supplemented with 10% of fetal bovine serum (FBS) and 1% of penicillin/streptomycin. UACC-462 was cultured in Leibovitz's L-15 medium supplemented with 5% of FBS. hTERT-HPNE cells were cultured with a mixture of 75% DMEM (no glucose; Thermo Fisher Scientific, Waltham, MA, USA) and 25% Medium M3 Base (InCell, Frisco, TX, USA) supplemented with 5% FBS, 10 ng/mL human recombinant epidermal growth factor, 1 g/L glucose, and 750 ng/mL puromycin. All cells were maintained in 37°C humidified incubator supplemented with 5% CO~2~.

Orthotopic pancreatic cancer model {#S0002-S2002}
----------------------------------

The orthotopic pancreatic cancer mouse model was established based on previous protocol[@CIT0016] and was approved by the ethics committee of Fudan University. The protocol of animal study has followed the international guidelines of animal experiments, especially the UKCCCR guidelines for the welfare of animals in experimental Neoplasia, United Kingdom Co-ordinating Committee on Cancer Research, UKCCCR (1997), NIH Guidelines for Survival Rodent Surgery, Guide for the Care and Use of Laboratory Animals, NRC (2011), the assessment and alleviation of pain and distress in research animals, NHMRC (2007), and NIH Guidelines for Endpoints in Animal Study Proposals. In brief, the 5-week old female C57/BL/6N mice were anesthetized using ketamine/xylazine solution. The 1×10^6^ shSLC5A1 and shControl Panc-2 cells in phosphate buffered saline (PBS) and Matrigel matrix (1:1) were prepared. The left flank of abdominal skin of anesthetized mice was exposed and the cells were injected to the pancreas tail of the mice. After tumor implantation, the tumor growth was monitored weekly by luciferin in vivo imaging. By the end of experiment, the mice were sacrificed by overdose of pentobarbital and tumor-bearing pancreas were removed and weighed.

Cell viability and colony formation assay {#S0002-S2003}
-----------------------------------------

The cells were seeded onto 24-well plate at a cell density of 1×10^4^. The cells were harvested every 2 days for viable cell count using a hemocytometer. As for colony formation assay, the cells were seeded at a cell density of 500 and allowed to grow for 14 days. Fresh medium was supplemented to the cell every other day. By the end of the experiment, the cells were fixed with 4% paraformaldehyde for 30 minutes followed by 2 hours of crystal violet staining.

Cell cycle assay {#S0002-S2004}
----------------

For cell cycle assay, the cells were seeded on 6-well plate at cell density of 1×10^5^ and allowed to grow for 72 hours. The cells were then detached from the plate and fixed with cold ethanol overnight. After that, the cells were counterstained with propidium iodide with RNase A before subjected to flow cytometry analysis.

2-(N-(7(-Nitrobenz02-oxa-1,3-diazol-4-yl)Amino)-2-Deocyglucose (2-NBDG) uptake assay {#S0002-S2005}
------------------------------------------------------------------------------------

The 2-NBDG uptake assay was performed according to the manufacturers' protocol (Biovision, San Francisco, CA, USA). In brief, the cells were seeded to plate for 48 hours and the cells were further incubated with 2-NBDG reagent and glucose uptake enhancer supplemented medium for 30 minutes. The cells were then collected and washed in analysis buffer once before subjected to flow cytometry analysis.

Western blotting {#S0002-S2006}
----------------

The cell lysates were subjected to Radioimmunopecipitation assay (RIPA) buffer supplemented with protease inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA) for protein extraction. Extracted protein concentration was then determined using Bradford reagent (Bio-rad) and protein samples were boiled at 95°C for 5 min before separation on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel. The protein was transferred to polyvindylidende fluoride (PVDF) membrane for 2 hours. The membrane was then washed and blocked in 5% bovine serum albumin (BSA) for 2 hours followed by incubation with primary antibody overnight at 4°C. Horse radish peroxidase (HRP)-conjugated antibody was applied and allowed for 2-hours incubation before visualization using Chemidoc imaging system (Bio-rad).

RNA isolation and quantitative real time PCR {#S0002-S2007}
--------------------------------------------

The cell lysates were subjected to Trizol reagent (Thermo Fisher Scientific) for RNA extraction, followed by cDNA synthesis using first strand cDNA synthesis kit (Takara, Japan). Quantitative mRNA levels were determined with SYBR master mix (Takara, Japan) using LC480 real time PCR platform (Hoffman-La Roche Ltd, Basel, Switzerland). The relative expression of each gene was calculated by normalizing against GAPDH gene expression. The primers used were as follows, mouse SLC5A1: (forward) 5ʹ TCTGTAGTGGCAAGGGGAAG 3ʹ (reverse) 5ʹ ACAGGGCTTCTGTGTCTTGG 3ʹ; human SLC5A1: (forward) 5′-TCCTGCTTGCTATTTTCTGGA-3′ (reverse) 5′-ATAATCGTGGGACAGTTGCTG-3′; mouse GAPDH: (forward) AGGTCGGTGTGAACGGATTTG (reverse) TGTAGACCATGTAGTTGAGGTCA; human GAPDH (forward) 5′-TCAACGACCACTTTGTCAAGCTCA-3′ (reverse) 5′-GCTGGTGGTCCAGGGGTCTTACT-3′.

Cell transfection {#S0002-S2008}
-----------------

CRISPR gene knock out system was used to prepare the stable and transient silencing of SLC5A1 (SGLT-1) and EGFR. Both CRISPR KO plasmids were purchased from Santa Cruz Biotechnologies (Dallas, Texas, USA). In brief, the cells were incubated with lipofectamine 2000 and plasmids for 48 hours before harvested. For stable selection of SLC5A1, the cell medium was replaced with medium supplemented with puromycin after 24 hours of transduction. Quantitative real time PCR and western blotting analysis were used to validate the expression of SLC5A1.

Statistical analysis {#S0002-S2009}
--------------------

All statistical analysis was performed with Student's *t*-test or one-way ANOVA, and *P*-values \<0.05 were statistically significant.

Results {#S0003}
=======

SLC5A1 is over-expressed in human pancreatic cancer and associated with poor prognosis {#S0003-S2001}
--------------------------------------------------------------------------------------

To examine the clinical significance of SGLTs in pancreatic cancer patients, we firstly analyze the relative expression of SGLTs in pancreatic tumorous tissue and non-tumorous fractions that were extracted from the publicly available GEO dataset (GDS4102 and GDS4336). It was observed that the mRNA expression of SLC5A1 was significantly up-regulated in pancreatic cancerous tissue as compared to the adjacent non-cancerous fraction ([Figure 1A](#F0001){ref-type="fig"}). On the other hand, the mRNA expression of another cotransporter, SLC5A2 showed reduced expression in pancreatic tumor tissue as compared to normal tissue. Further analysis on the clinical correlation of SGLTs expression with overall or disease-free survivals of pancreatic cancer patients showed that patients with high expression of SLC5A1 is associated with lower overall survival rate ([Figure 1B](#F0001){ref-type="fig"}). However, there is no significant correlation observed in other SGLTs except SMIT1 expression with overall and disease-free survival rate of pancreatic cancer patients ([Figure 1C](#F0001){ref-type="fig"}). Then we analyzed the mRNA expression of SGLT1-6 and SMIT1 in pancreatic cancer cell line Panc-1. We found that expression of SGLT1 and SMIT1 is significanctly higher than other SGLTs, indicating that other SGLT2-6 may not play a main role in the glucose uptake of pancreatic cancers ([Figure 2A](#F0002){ref-type="fig"}) Then we further analyzed the mRNA expression of SGLT1 (SLC5A1) and SMIT1 (SLC5A3) in a panel of normal and cancerous pancreatic cells, and found that SLC5A1 expression has significant variation between normal and cancer cells, while expression of SMIT1 remains similar within the two cell types ([Figure 2B](#F0002){ref-type="fig"}). Our result suggests that SLC5A1 is over-expressed in pancreatic cancer cells and associated with poor prognosis in pancreatic cancer patients.Figure 1SLC5A1 was over-expressed in human pancreatic cancer and associated with poor prognosis. (**A**) Comparison of mRNA expressions of SLC5A1 and SLC5A2 between human pancreatic tumor tissues and normal tissue. Increased SLC5A1 and reduced SLC5A2 were observed in pancreatic tumor tissue as compared to normal tissue. (**B**) Kaplan-Meier plots of overall and disease-free survival in pancreatic cancer patients with low SLC5A1 and high SLC5A1. Patients with high SLC5A1 is associated with reduced overall survival. (**C**) Kaplan-Meier plots of overall and disease-free survival in pancreatic cancer patients with other SGLTs expression. There is no significant correlation in SGLTs expression with patients' overall and disease-free survival rate. \*\**P*\<0.01, \*\*\**P*\<0.0001.Figure 2SLC5A1 blockade suppressed pancreatic cell growth. (**A**) The mRNA of SGLTs in pancreatic cancer Panc-1 cells. Only the mRNA level of SGLT1 (SLC5A1) and SMIT1 (SLC5A3) showed relative high level of expression in Panc-1 cells. (**B**) the mRNA expression and (**C**) the protein expression of SLC5A1 and SLC5A3 in different pancreatic cancer cell lines and normal pancreatic cancer cells. SLC5A1 but not SLC5A3 was overexpressed in pancreatic cancer cells compared to normal cells. (**D**) Expressions of SLC5A1 in Panc-1 and Panc-2 cells were silenced by shRNA and validated by qPCR and immunoblotting. (**E**) Panc-1 and Panc-2 cells transfected with shSLC5A1 or scramble control were seeded, and cell number was counted every two days for 10 days. Inhibition of SLC5A1 reduced pancreatic cell growth. A non-selective SGLT1 inhibitor phlorizin, showed similar effects to SLC5A1 knockdown. (**F**) Cell cycle distribution analysis of 72 hours-cultured Panc-1 and Panc-2 cells with or without SLC5A1 knockdown. Inhibition of SLC5A1 arrested the pancreatic cancer cell lines at G0/G1 phase. A non-selective SGLT1 inhibitor phlorizin, showed similar effects to SLC5A1 knockdown. (**G**) SLC5A1 knockdown Panc-1 and Panc-2 cells showed reduced clonogenic survival compared to control cells. A non-selective SGLT1 inhibitor phlorizin, showed similar effects to SLC5A1 knockdown. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.0001.

Inhibition of SLC5A1 interferes with pancreatic cancer cell growth {#S0003-S2002}
------------------------------------------------------------------

Observing the over-expression of SLC5A1 in most pancreatic cancer cell lines, we further examine if SLC5A1 contributes to the growth functions of pancreatic cancer. Due to the higher expressions of SLC5A1 on human Panc-1 and murine Panc-2 cell lines as compared to other pancreatic cancer cells line ([Figures 2C](#F0002){ref-type="fig"}), the two cell lines will be utilized throughout the study. To further understand how SLC5A1 regulates pancreatic cancer cell growth, we have stably transfected human Panc-1 and murine Panc-2 cells with shRNA plasmid targeting SLC5A1 ([Figure 2D](#F0002){ref-type="fig"}). Furthermore, similar analysis was conducted on GLUT1-4 proteins. We found that only GLUT1 expression was increased in pancreatic cancer cells, and was correlated with poor survival of the patients ([Figure S1](#F0009){ref-type="fig"}). However, knockdown of SGLT1 has no significant impact on the expression of GLUT1 in pancreatic cancer cells ([Figure S2](#F0009){ref-type="fig"}). This finding is consistent with the observation in another previous study.[@CIT0017] The inhibition of SLC5A1 reduced the viability of Panc-1 and Panc-2 cells as compared to their negative control counterparts ([Figure 2E](#F0002){ref-type="fig"}). Mechanistically, inhibition of SLC5A1 arrested the pancreatic cancer cell lines at G0/G1 phase, therefore leading to accumulation of cancer cells at G0/G1 phase and concomitant decrease of S phase ([Figure 2F](#F0002){ref-type="fig"}). Further clonogenic study confirmed that silencing of SLC5A1 decreased clonogenic survival in pancreatic cancer cells ([Figure 2G](#F0002){ref-type="fig"}). The effect of SLC5A1 knockdown on the proliferation and survival of pancreatic cancer cells was similar to a non-specific SGLT inhibitor, phlorizin. All this result proposes that SLC5A1 blockade may blunt the pancreatic cancer cell growth and proliferation.

Inactivation of SLC5A1 suppresses in vivo pancreatic cancer growth {#S0003-S2003}
------------------------------------------------------------------

To further evaluate if aiming at SLC5A1 suppresses pancreatic cancer growth in vivo, we established the orthotopic Panc-2 implantation mouse model in which luciferase-tagged Panc-2 cells expressing shRNA-control or shRNA-SLC5A1 were injected into the mice pancreas. The pancreatic tumor growth of mice was monitored weekly using non-invasive live animal imager. A significant decrease in tumor growth after the second week was observed in the mice with silencing of SLC5A1 ([Figure 3A](#F0003){ref-type="fig"}), as evidenced from the observation of reduced luciferase signal intensity. Further observation showed that inhibition of SLC5A1 in Panc-2 potently improved the survival of mice as compared to negative control group of mice ([Figure 3B](#F0003){ref-type="fig"}). Whereas there was no difference in body weight of mice between groups ([Figure 3C](#F0003){ref-type="fig"}), suggesting the safety of SLC5A1 blockade in pancreatic cancer cells. By the end of the experiment, the mice were sacrificed, and pancreatic tumor were harvested and weighed. Consistently, the pancreatic tumor weight was significantly reduced in the SLC5A1 silencing group of mice ([Figure 3D](#F0003){ref-type="fig"}), suggesting that there was reduced tumor growth after SLC5A1 inhibition. Taken together, the in vitro and in vivo results postulate that inhibition of SLC5A1 in pancreatic cancer cells interfered with the cancer cell growth and progression.Figure 3Silencing of SLC5A1 reduced in vivo pancreatic cancer growth. (**A**) Representative images of Panc-2-implanted mice captured every week throughout 3 weeks of experiment. Knockdown of SLC5A1 decreased in vivo tumor growth. (**B**) Kaplan-Meier survival plots of mice implanted with Panc-2 with or without SLC5A1 knockdown. Knockdown of SLC5A1 enhanced mice survival. (**C**) Weekly monitoring of body weight of mice. There were no significant changes in body weight throughout the study period. (**D**) The weight of tumour-bearing pancreas was reduced in mice implanted with SLC5A1 knockout Panc-2. \*\**P*\<0.01.

Reduced SLC5A1 mediated glucose transport suppresses pancreatic cancer growth {#S0003-S2004}
-----------------------------------------------------------------------------

Since glucose is the key energy source of all cells especially tumor cells and SLC5A1 is one of the glucose carriers for transporting glucose into tumors, we further examined if inhibition of SLC5A1 interrupts the glucose uptake ability of cancer cells. Notably, inhibition of SLC5A1 resulted in reduced 2-NBDG, a fluorescent-labeled deoxy-glucose analog in both Panc-1 and Panc-2 ([Figure 4A](#F0004){ref-type="fig"}). Observing glucose is the major substrate regulated by SLC5A1 in pancreatic cancer cells, we further assessed if glucose replenishment in cancer cells rescues the cellular growth. It was observed that reduced cell viability because of SLC5A1 inhibition could be recovered by increasing the glucose concentration to 50 mM in culture medium ([Figure 4B](#F0004){ref-type="fig"}), whereas low glucose (0.5 mM) content triggered marked cellular death in both SLC5A1 knockout and negative control cells. All these suggest that the cancer growth suppression resulting from the SLC5A1 blockade contributed to the reduced glucose transportation into tumor cells.Figure 4Inhibition of SLC5A1 suppressed glucose uptake of pancreatic cancer cells. (**A**) Comparison of histogram from flow cytometry analysis. Knockdown of SLC5A1 reduced uptake of 2-NBDG by cancer cells. (**B**) Cells with or without SLC5A1 inhibition were cultured with 0.5 mM, 5 mM and 50 mM of glucose and cell viability was determined after 72 hours. 50 mM of glucose culture recovered the cell death induced by SLC5A1 inhibition. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.0001.

SLC5A1-regulated cancer cell growth is dependent on AMPK/mTOR signaling {#S0003-S2005}
-----------------------------------------------------------------------

Many studies have postulated that the activation of AMPK/mTOR signaling in mediating cellular energy homeostasis in response to cellular stress or low cellular energy[@CIT0018] We therefore examined the effect of SLC5A1 blockade on AMPK/mTOR signaling in Panc-1 cells. The cells cultured in low glucose content (0.5 mmol/L) are used as positive control cells. Notably, the expressions of phosphorylated-AMPK were increased while phosphorylated-MTOR was significantly decreased in SLC5A1 blockade cells but not in its negative control counterpart ([Figure 5A](#F0005){ref-type="fig"}). A similar trend in AMPK/mTOR expression was observed in cells cultured in low glucose content. To further confirm the role of AMPK activation in SLC5A1 knockout cells, we pretreated the cells with compound C, the chemical inhibitor of AMPK and the cell viability was again assessed. It was observed that compound C treatment rescued the pancreatic cancer cell viability after SLC5A1 inhibition ([Figure 5B](#F0005){ref-type="fig"}). Similarly, the prolonged G0/G1 phase decreased clonogenic survival because SLC5A1 inhibition were diminished after compound C intervention ([Figure 5C](#F0005){ref-type="fig"} and D). In addition, we treated the pancreatic cancer cells with Torin 1, a mTOR inhibitor, to confirm the essential role of mTOR phosphorylation in glucose-induced pancreatic cancer cells proliferation and survival, and we found that Torin 1 can significantly reduce the growth of pancreatic cancer cells. All these suggested that SLC5A1-mediated pancreatic cancer cell growth is regulated by AMPK/mTOR signaling.Figure 5SLC5A1-regulated cancer cell growth is dependent on AMPK/mTOR signaling. (**A**) Immunoblotting analysis of phosphorylated-AMPK and mTOR with cell lysates from Panc-2 with or without SLC5A1 blockade and cultured with 0.5 mmol/L-glucose. Protein expression of phosphorylated-AMPK was increased while phosphorylated-MTOR was decreased in SLC5A1 blockade cells. (**B**) Pretreatment with compound C (1 μM) recovered the viability of SLC5A1 knockdown pancreatic cancer cells. (**C**) Compound C diminished the prolonged G0/G1 arrest induced in SLC5A1 knockdown Panc-1 and Panc-2 cells. (**D**) Compound C recovered the clonogenic survival in SLC5A1 knockdown Panc-1 and Panc-2 cells. \**P*\<0.05.

The association of SLC5A with EGFR mediates pancreatic cancer cell growth {#S0003-S2006}
-------------------------------------------------------------------------

Furthermore, we assessed the potential interaction of SLC5A1 with other proteins by analyzing the InBio Mapo database. It was noted that ATPases (ATP1A3, ATP1A2, and ATP1A1), HSP70 members (HSPA1A and HSPA1B), PAWR and EGFR have possible protein-protein interaction with SGLT1 encoded by SLC5A1 are the target ligands of SLC5A1 ([Figure 6A](#F0006){ref-type="fig"}). To further examine the clinical correlation of SLC5A1 and EGFR, we analyzed the mRNA expressions of SLC5A1 and EGFR from 149 pairs of patients extracted from the TCGA database. It was confirmed that SLC5A1 and EGFR are positively correlated (\*\**P*=0.0035) ([Figure 6B](#F0006){ref-type="fig"}). A previous study showed that EGFR may interact with SGLT1 encoded by SLC5A1 to suppress its expression.[@CIT0019] Consistently, we observed by co-immunoprecipitation that EGFR can bind with SGLT1 protein in pancreatic cancer cells ([Figure 6C](#F0006){ref-type="fig"}). We thereby transiently transfected human Panc-1 and murine Panc-2 cells with siRNA plasmid targeting EGFR. In accordance with the silence of EGFR protein, it was observed that the SLC5A1 protein expression was also correspondingly reduced ([Figure 6D](#F0006){ref-type="fig"}). Based on the analysis of expression pattern and clinical significance of SGLTs and GLUTs proteins as aforementioned, we found that only SGLT1 and GLUT1 may have aberrant expression which is correlated with the clinical outcome of pancreatic cancer. However, it had minimal effect on the protein level of GLUT1 in pancreatic cancer cells. This was similarly observed in another previous study.[@CIT0019] Consistently, inhibition of EGFR in pancreatic cancer cells also resulted in reduction of 2-NBDG uptake ([Figure 6E](#F0006){ref-type="fig"}), followed by cancer cell death ([Figure 6F](#F0006){ref-type="fig"}). As expected, silencing of EGFR also activated AMPK/mTOR signaling as evidenced from the observation of increased phosphorylated-AMPK and decrease of phosphorylated-mTOR ([Figure 6G](#F0006){ref-type="fig"}). In sum, our findings propose the association of SLC5A1 with EGFR-regulated pancreatic cancer cell growth through AMPK/mTOR signaling.Figure 6The association of SLC5A with EGFR mediates pancreatic cancer cell growth. (**A**) SLC5A1 is closely co-related with EGFR with a confidence score of 0.38. (**B**) The positive correlation between SLC5A1 and EGFR mRNA expressions. (**C**) co-immunoprecipitation assay showing the interaction between SLC5A1 and EGFR protein. (**D**) Immunoblotting analysis of SLC5A1 with cell lysates from cells transfected with siEGFR or scrambles negative control. Protein expression of SLC5A1 was reduced consistently in EGFR knockdown cells. (**E**) Knockdown of EGFR decreased uptake of 2-NBDG by cancer cells. (**F**) Knockdown of EGFR reduced cancer cell viability as compared to mock cells. Torin 1, a mTOR inhibitor, showed similar effect to EGFR knockdown on cell viability. (**G**) Immunoblotting analysis of phosphorylated-AMPK and mTOR with cell lysates from EGFR knockdown cells. Protein expression of *p*-AMPK was increased while *p*-mTOR was reduced in EGFR knockdown cells. \*\**P*\<0.01.

Discussion {#S0004}
==========

The need of tumor cells for energy for their uncontrolled growth is predatory.[@CIT0020] Several studies have reported that pancreatic tumor cells applied several special pathways to grab resources of energy from the tumor microenvironment.[@CIT0021]--[@CIT0024] This does not only includes the overexpression of glycolysis and oxidative phosphorylation-associated enzymes,[@CIT0025] but also the forced expression of transporters of essential substrates that directly or indirectly contribute to the energy production. As the direct source of energy production, glucose was transported across the plasma membrane of tumor cells.[@CIT0026] While the members in the GLUT family transport glucose at the basolateral membrane of the cells,[@CIT0027] SGLT1 encoded by SLC5A1 and SGLT2 encoded by SLC5A2, facilitate the glucose transport at the apical membrane.[@CIT0028] The aberrant expression of the GLUT family has been widely reported in pancreatic cancers,[@CIT0029] however, transporters at the apical membrane were less studied. In our study, we found that pancreatic tumour cells required a forced expression of SLC5A1 as well as its coding protein SGLT1. Although under physiological contribution SGLT2 contributes to around 90% of glucose absorption at the apical side,[@CIT0030] its expression was not up-regulated in pancreatic tumor and showed no significance with patients' survival rate. Our study also further showed overexpression of SLC5A1 may promote the tumor progression of pancreatic cancer. The fact of this oncogenic effect of SLC5A1 was dependent on glucose has suggested that SLC5A1 overexpression in cancer cells is to cater for the need of cells on glucose for energy production. Suppression of SLC5A1 or deprivation of glucose stopped the tumor progression by inducing an AMPK-dependent mTOR suppression. As the mTOR pathway controls several critical energy-requiring biological processes involving cell proliferation and survival,[@CIT0031] our findings have depicted an important mechanism underlying the oncogenic protein expression to fulfill the requirement of tumor progression, which include a specific overexpression of non-classical glucose transporter SGLT1 to facilitate as much glucose influx as possible for energy production.

Previous studies have shown that high glucose concentration can increase the expression of SGLT1 in intestine cells, and overexpression of SGLT1 but not GLUT2 which predominantly mediates the transportation and absorption of glucose.[@CIT0032] In animal models of obese diabetes, hyperglycemia could also increase the tissue expression of SGLT1.[@CIT0033] This kind of expression pattern can also be observed in other SGLT family proteins such as SMIT1.[@CIT0034] In our study, we found that the pro-tumoral function of SGLT1 in pancreatic cancer was associated with its function as a glucose transporter. Knockdown of SGLT1 activated glucose deprivation-associated proliferation inhibition. This finding combined with the previous report of glucose-dependent SGLT1 expression suggested that SGLT1 may be an essential mediator in glucose-initiated proliferative signaling in pancreatic cancer cells. SLGT1 expression could be initiated in response to glucose, which leads to more glucose transport to fuel the proliferation of pancreatic cancer cells.

It was noticed that expression and function of SLC5A1 was associated with EGFR expression in pancreatic cancer cells. Co-expression of EGFR with SLC5A1 mRNA in pancreatic tumour tissue was observed and suppressing EGFR expression in PAAD cells by RNA interference significantly blocked expression and function of SLC5A1 protein. It was first identified in 2008 by Weihua et al^19^ that EGFR expression in human cancer cells was critical for the maintenance of intracellular glucose levels through interaction and stabilization of SGLT1 protein, while this function of EGFR was independent to its kinase activity. The regulation of EGFR on SGLT1 protein expression was found to be independent of the transcription-related mechanism, as in oral squamous cell carcinoma cells mRNA and protein expression of SGLT1 was not compatible.[@CIT0035] However, it was also found that EGFR may regulate the phosphorylation of CREB in the presence of EGF, which in turn bound to SGLT1 gene promoter to induce its transcription.[@CIT0036] These findings suggested EGFR-dependent and -independent roles in SGLT1 expression.[@CIT0037] Further study suggested that co-expression of EGFR and SGLT1 indicated a poor prognosis in human colorectal cancer, while SGLT1 alone had no prognostic value. This again suggested that the oncogenic role of SGLT1 may be highly associated with EGFR expression in cancer.[@CIT0008] The upstream of EGFR in SGLT1 expression in cancers was indirectly proved by the observation that HDACs inhibitor synchronously suppressed EGFR and SGLT1 in the cells,[@CIT0038] while EGFR mediated the transmissible gastroenteritis virus (TGEV)-induced SGLT1 expression and glucose uptake. In our study, we observed that RNA interference against EGFR inhibited the expression of SGLT1 as well as pancreatic cell survival. This gives a relatively direct evidence that EGFR stands as the upstream signaling of SGLT1 in pancreatic cancer. Inhibition of EGFR in our study led to PAAD cell death with activation of AMPK signaling ([Figure 7](#F0007){ref-type="fig"}). It was previously found that in cancer cell undergoing ionizing radiation, co-expression of EGFR and SGLT1 facilitated the chromatin remodeling to increase glucose uptake, so that cancer cells can produce more energy to counteract the ATP crisis induced by radiotherapy.[@CIT0039] The loss of ATP in cancer cells with suppression of EGFR in our study activated its downstream AMPK signaling, which in turn inhibited mTOR pathway. Our observation together with these previous findings have suggested that EGFR/SGLT1 protein pair should be a potential target for cancer treatment. Indeed, attempts to suppress cancer cells by targeting this protein pair have been made. It was found that some compounds from a natural anti-cancer medicinal plant *Panax ginseng* concurrently suppressed EGFR and SGLT1 in a CREB-associated mechanism.[@CIT0040],[@CIT0041] Co-inhibition of EGFR and SGLT1 obtained an optimal outcome in suppressing prostate cancer compared with EGFR inhibitor alone. More systematic evaluation on the efficacy and safety of co-inhibition on EGFR/SGLT1 protein in cancer treatment should be performed in the future.Figure 7Reduced co-expressions of SLC5A1 with EGFR suppressed pancreatic cancer cell growth through AMPK/mTOR signaling.

We noticed that the orthotopic pancreatic cancer mice experienced better survival without significant body weight loss. The presence of cachexia and loss of body weight in cancer patients during tumor progression is one of the major reasons that lead to poor survival, but unfortunately, it is not easy to observe similar cachexia in animal model of cancers. The animal models of cancer, both xenografted and orthotopic ones, are unsatisfactory for assessing cachexia-related outcomes, such as physical activity and quality of life, because of the larger proportional size and aggressive doubling of the tumor rate, which lead to different biological behavior from the clinical setting.[@CIT0042] Although a few of the cancer-associated cachexia models have been reported, pancreatic cancer models have not been fully addressed with observational cachexia.[@CIT0043] In addition, we actually observed that ascites in our animal models. The presence of ascites may cause fluctuation on the body weight data in this animal model. More ascites were observed in mice with wild type Panc2 cells, while mice implanted with SLC5A1-knockdowned Panc-2 cells due to the smaller tumor burden and progression (data not shown). A previous study has shown that ascites was a significant factor leading to poor survival of pancreatic cancer animals.[@CIT0044] Although we cannot fully address the reason of better survival in the knockdown group, it is possible that less ascites are associated with better prognosis of mice with SCL5A1-knockdowned Panc-2 cells.

Conclusion {#S0005}
==========

In conclusion, our study reported a novel finding in the aberrant expression and oncogenic function of SLC5A1 gene in human pancreatic cancer. The aberrant expression of SLC5A1 is observed in pancreatic cancer patients as compared to normal tissue and associated with reduced overall patient survival. Blockade of SLC5A1 suppressed in vitro and in vivo pancreatic cancer cell survival, and the effect was dependent on reduced glucose uptake by cancer cells. Suppression of SLC5A1 or glucose deprivation further induced an AMPK-dependent mTOR suppression. We have further demonstrated that SLC5A1 is positively correlated and dependent on EGFR. Our current findings identified that SLC5A1/EGFR is involved in pancreatic cancer growth and a potential therapeutic candidate for pancreatic cancer patients.
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Figure S1Kaplan-Meier plots of overall and disease-free survival in pancreatic cancer patients with low GLUTs and high GLUTs. Patients with high GLUT1 but not GLUT2-4 is associated with reduced overall survival. Figure S2Knockdown of SLC5A1 has no significant effect on GLUT1 expression. Panc-1 and Panc-2 cells expressing siRNA against SLC5A1 was collected for immunoblotting. No significant change on GLUT1 expression in both cells was observed after SLC5A1 knockdown.
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